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Stemflow creates biogeochemical hotspots at tree bases. Few studies examine
bark structure effects on stemflow generation via stable isotopes. Stemflow volume and
isotopic composition (δD, δ18O) were measured over 15 months to address three main
objectives: to determine origins and pathways of stemflow, to identify differences in
stemflow generation mechanisms between tree species, and to identify differences in
stemflow generation mechanisms between meteorological events. Laser ablation
spectroscopy showed that, compared to throughfall and precipitation, stemflow was
isotopically enriched, signifying isotopic fractionation. A bark-wetting experiment
showed bark water storage capacity to be greatest in species with thick, continuous bark.
Isotopic composition of precipitation was significantly more enriched in convective
storms compared to that of continental or oceanic origin. Therefore, isotopic fractionation
of stemflow and stemflow generation mechanisms vary from that of throughfall and
precipitation, by interspecific differences in bark, and by meteorological event,
potentially influencing existing canopy water storage models.
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INTRODUCTION
Forested ecosystems play a dynamic role in ecosystem services and water supply
(Vose et al. 2011). Forests and respective tree architecture provide a system for water and
nutrients to be redistributed from the canopy and bark surfaces, down to the forest floor
as stemflow and throughfall (Siegert and Levia 2014; Van Stan and Levia 2010).
Stemflow partitioning is the portion of rain intercepted by the forest canopy and funneled
down the stem, creating local concentrations of water and nutrients at the forest floor
around the bole of individual trees (Crockford and Richardson 2000; Sinun et al. 1992).
Through this mechanism, stemflow leaches nutrients from the crown and bark to deliver
highly enriched water to the base of the tree. Stemflow quantity, as it differs from
rainfall, is determined by species (Levia and Herwitz 2000; Verry and Timmons 1977),
seasonality (Dansgaard 1964; Staelens et al., 2007), meteorological conditions (Levia and
Herwitz, 2000; Van Stan et al. 2011), and canopy structure (Crockford et al. 1996;
Uehara and Kume 2012).
Stemflow is often given less attention in literature because, compared to
throughfall, it is volumetrically much smaller (Levia and Frost 2003). Throughfall is the
portion of rain partitioning that falls through the canopy or drips from branch and leaf
surfaces to the forest floor (Van Stan et al. 2016). Throughfall generally accounts for 7090% of gross rainfall (Levia and Frost 2003; Neary and Gizyn 1994); whereas stemflow
1

can be up to 20% of gross rainfall (Levia and Frost 2003; Lloyd 1988). Thus, while
stemflow may be a small part of the forest hydrological cycle, it has large impacts at the
tree-level on forest biogeochemical and ecohydrological processes (Levia and Frost 2003;
Levia and Herwitz 2005; Van Stan and Levia 2010). Because stemflow hydrology can
vary based on many factors, a comprehensive understanding of stemflow based on a
variety of tree species must be developed to better delineate these respective stemflow
pathways.
Specific mechanisms of water exchange during the stemflow process have not
been well established which prevents the full integration of these processes into
hydrologic and biogeochemical models (Levia and Germer 2015). The three primary
stemflow generation mechanisms are piston flow, bypass flow, and well-mixed turbulent
flow (Allen et al. 2017). Piston flow is the mechanism responsible for stemflow water
mixing with water stored in the tree bark from previous events (i.e. pre-event water)
(McDonnell 1990), allowing for longer residence times with the bark. The bypass flow
mechanism is when stemflow flows in sheets straight down the tree, thus ‘bypassing’ or
avoiding long residence times with the bark. Well-mixed turbulent flow is a combination
of the piston and bypass flow mechanisms where stemflow has time to mix with preevent water, yet still flows in a sheet-like manner down the tree.
Using environmental tracers, such as stable isotopes (2H/D and 18O) of water
(H2O) that naturally occur in the environment, is a pathway to better understanding forest
hydrology, specifically stemflow generation mechanisms, by nonintrusive means (Allen
et al. 2014; Dansgaard 1964). These isotopic tracers of the hydrosphere are naturally
present in the environment and provide a means of marking water as isotopes move with
2

the water itself (Dansgaard 1964; Hofer et al. 1997). Stable isotopes allow for the
detection of evaporation and other hydrologic mixing processes in the canopy (Allen et
al. 2014; Brodersen et al. 2000). Isotopic fractionation is any process that alters the
isotopic composition by naturally separating the heavy and light forms of isotopes.
Isotopologues (i.e. atoms of the same molecule, H2O, with a different number of
neutrons, 16O verse 18O) more readily evaporate, leaving behind more enriched, heavier
isotopes (18O) (Brodersen et al. 2000). Isotopic composition is expressed in terms of δ,
calculated as:
𝑅(𝑠𝑎𝑚𝑝𝑙𝑒)

𝛿‰ = (𝑅

(𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)

− 1) × 1000

(1.1)

where R(sample) is the ratio of 18O to 16O or 2H to 1H in water samples and R(standard) is the
ratio of isotopes used in international standards (V-SMOW is the Vienna Standard Mean
Ocean Water) (Coplen et al. 2002). δD is the ratio of 2H (the molecularly heavier isotope)
to 1H (the lighter isotope), whereas δ18O is the ratio of 18O to 16O. The less negative that
the ratios of δD and δ18O are, the more enriched the samples are with heavy isotopes,
indicating that isotopic fractionation has taken place (Gonfiantini 1986). The more
negative that the ratios of δD and δ18O are, the more depleted the samples are of heavy
isotopes, indicating isotopic fractionation has taken place (Gonfiantini 1986). Data are
generally compared to the global meteoric water line, an equation that expresses the
worldwide average relationship between hydrogen and oxygen isotope ratios in
precipitation (Craig 1961). Local meteoric water lines can also be developed for
comparison at a regional scale.
Moreover, stemflow generation mechanisms can be affected by isotopic
fractionation methods (i.e. shifts in δD and δ18O): selection, exchange, and evaporation
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(Gat and Tzur 1967). Selection is influenced by temporal variation of individual storm
events and stemflow pathways. Exchange occurs between water vapor in the atmosphere
and stemflow, until equilibrium is neared. During the process of evaporation, the lighter
isotopes (1H and 16O) preferentially evaporate out before the heavy isotopes (2H an 18O)
of stemflow, leaving behind a more enriched signature. However there often is overlap
among these fractionation processes and mixing is known to occur between storage
elements (Allen et al. 2017).
Additionally, from 2016-2035, global climate models predict temperatures to
warm (0.3⁰C to 0.7⁰C) and for extreme precipitation events to increase and become more
intense (ICPP 2014). These changing rainfall conditions and consequential increased
storm intensities may alter how water and nutrients reach forest soils (Aber et al. 2001)
by overflowing stemflow pathways that otherwise would not be wetted (Van Stan et al.
2016). It is essential to understand these processes under current conditions so that we
can predict how water partitioning and nutrient cycles may be altered by changing
climates and precipitation regimes.
In this study, stable deuterium (D or 2H) and oxygen-18 (18O) isotopic tracers are
valuable in understanding species-specific effects of bark structure and storm
meteorological conditions on isotopic fractionation processes and stemflow generation
mechanisms. An improved comprehension of these processes will allow for the
enhancement of canopy storage models. As such, using δD and δ18O will allow for the
better determination of stemflow origins in response to storm events and whether the
primary source of stemflow is (i) rainfall, (ii) event water stored in outer bark surfaces,
(iii) water vapor, or (iv) a combination. Ultimately, knowledge of the source of stemflow
4

will help determine how bark water exchange occurs via isotopic fractionation and how
tree species and storm conditions affect these processes. Additionally, it is hypothesized
that the species selected for this project will have species-specific effects on rainfall
partitioning because of their unique bark characteristics. As such, stemflow volume and
isotopic composition (δD, δ18O) were measured over 15 months to address three
objectives: (i) to determine origins and pathways of stemflow, (ii) to identify differences
in stemflow generation mechanisms between tree species, and (iii) to identify differences
in stemflow generation mechanisms between meteorological events.

5

LITERATURE REVIEW
2.1

Stemflow and Bark Characteristics
Bark has a significant influence on stemflow hydrology. Tobón et al. (2004)

found that tree species with rough bark and deep fissures separates stemflow into
irregular patterns down the trunk as well-mixed turbulent flow or piston flow, whereas in
trees with thin bark and fewer deep fissures stemflow more readily flows down trunks as
bypass flow. Generation mechanisms of stemflow differ greatly with contrasting bark
structure; specifically, smooth bark generates more frequent flow paths utilizing bypass
flow and has lower bark water storage capacities (BWSC) (Levia et al. 2011). In this
study, normative bark water storage capacity is a means that standardizes bark water
storage capacity by basal area and is based off dry laboratory bark weights. Thin bark
types generate higher stemflow volumes in contrast to thick bark, which generates
relatively smaller stemflow volumes and greater bark water storage capacities (Crockford
and Richardson 1987; Crockford and Richardson 2000; Levia and Herwitz 2005;
Livesley et al. 2014; Van Stan and Levia 2010).
Tree species has a significant impact on bark water storage capacity due to
interspecific variation in bark characteristics (Levia and Herwitz 2005). The older and
larger the tree, the more developed the bark such that bark thickness decreased with
increased height up the trunk (De Jong and Bonnor 1995; Levia and Herwitz 2005;
6

Whittaker and Woodwell 1967), creating a need to determine bark water storage capacity
given bark variance with tree height. Stemflow generation has also been found to increase
with bark smoothness, specifically in Fagus grandifolia, a temperate deciduous, smooth
bark species (Van Stan and Levia 2010). Van Stan et al. (2016) found the bark water
storage capacity of a thick, deeply furrow-barked English oak, Quercus robur, to store >
2.5-times more water than the smooth bark European beech, Fagus sylvatica, showing
bark water storage capacity can also vary based on bark thickness. Species with smooth
bark were shown to dry faster than species with thick bark, also affecting bark water
storage capacity (Van Stan et al. 2016).
Furthermore, stemflow partitioning and intraspecific variations in tree bark such
as species with deep fissures and thick bark can have important impacts on hydrology by
protecting entrained stemflow water from evaporation during prolonged dry periods (Van
Stan et al. 2016), providing water to forest soils (Van Stan et al. 2015) and surrounding
flora and fauna, and consequently influencing biodiversity of forest ecosystems (Levia
and Herwitz 2005).
Originally established by Herwitz (1986), funneling ratio is a unitless number
calculated by measured stemflow volume based on measured precipitation depth and
trunk basal area of each individual tree that determines crown-funneling efficiency. A
funneling ratio greater than one implies that the outlying crown contributes to stemflow
yield (Siegert and Levia, 2014). Funneling ratio is an important variable in determining
the efficiency of tree crowns in stemflow generation (based on basal area) of individual
trees (Herwitz 1986; Siegert and Levia, 2014). The bark water storage capacity of
Quercus robur and Fagus sylvatica also has a negatively exponential relationship with
7

funneling ratio (Van Stan et al. 2016). Allen et al. (2014) found the coniferous Douglasfir, Pseudotsuga menziesii, to have a funneling ratio of only 0.7 ± 0.5. Furthermore, Van
Stan et al. (2016) hypothesized that low funneling ratios of Q. robur could have been due
to thicker bark tissues which consequently increased bark water storage capacity.
Moreover, stemflow generation mechanisms are not only variable between
species with contrasting bark structures, but by variation in meteorological events
themselves (Levia and Herwitz 2005). Meteorological factors such as rainfall intensity
can have strong impacts on stemflow generation mechanisms (Levia and Herwitz 2005;
Staelens et al. 2008). High intensity rainfall events that exceed the capacity of stemflow
pathways, typically cause drip, hence lowering stemflow volumetric yields (Herwitz
1987). Similarly, storm events with short durations and high intensities generally lead to
more variability in stemflow yields (Siegert and Levia 2014).
2.2

Isotope Analysis and Rain Partitioning
Many studies have used isotope analysis of δD and δ18O to investigate sources of

water in the hydrologic cycle by comparing known, stable quantities of isotopes in
rainwater to other sources (i.e., throughfall, groundwater, streamflow) that may have
undergone fractionation (Fischer et al. 2017; Guglielmo et al. 2015; Taniguchi et al.
2000). To determine how much stemflow and throughfall originate from pre-event water,
isotope samples are compared to a baseline water sample of gross rainfall. Isotopic
fractionation is strongly influenced by processes such as: (1) evaporation, which leads to
more heavily enriched isotopes; (2) air temperature, which leads to the enrichment of
δ18O (Dansgaard 1964); (3) storm genesis/formation, which changes isotopic composition
throughout an event; (4) evaporation, which can lead to enrichment due to the lighter
8

isotopes preferentially evaporating out first; (5) exchange with inter-canopy vapor in the
direction of isotopic equilibrium (Allen et al. 2017); and (6) selective storage and
transmittance which can lead to either depletion or enrichment (Allen et al. 2017). As
atmospheric humidity nears saturation, isotopic equilibrium between precipitation and
water vapor begin to equilibrate, leading to the isotopic composition of rain to be more
similar to that of surrounding air (Taupin and Gallaire 1998).
Additionally, temperature (which is directly related to geographic location and
seasonality) plays a key role in isotopic fractionation (Dansgaard 1964). Temperature is
one of the main environmental factors that determines the extent of fractionation due to
evaporative processes (Dansgaard 1964; Guglielmo et al. 2015). Furthermore, Friedman
et al. (1962) found that during conditions of high humidity, isotopic composition is
primarily impacted not by evaporation or condensation, but by isotopic exchange of the
water droplet and the ambient water vapor. These processes are important when
considering the isotopic composition of both stemflow and throughfall.
Hsueh et al. (2016) found that throughfall δD and δ18O isotopic enrichment had a
positive relationship with canopy cover, indicating that the denser the canopy, the more
surface area for interception and consequentially, opportunities for forest effects (such as
evaporation, exchange with vapor, and selective transmission). Throughfall isotopic
composition is most enriched by fractionation compared to that of rainfall, primarily by
intra-storm evaporation processes (Zhang et al. 2010). Throughfall enrichment was found
to be associated with duration spent in the canopy and drip processes, where evaporation
was more likely to occur (Gat 1996; Zhang et al. 2010).
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In addition, the presence of more D and 18O in relation to 1H and 16O respectively,
suggests that stemflow isotopic enrichment happens before the storm in bark storage
because the lighter isotopes (1H and 16O) are evaporated back into the atmosphere (Allen
et al. 2014; Gat 1996). When stemflow had a heavier isotopic signature, it contained
higher ratios of D and 18O (i.e., values are less negative), which indicated that stemflow
underwent isotopic fractionation (DeWalle and Swistock 1994; Ikawa et al. 2011). More
specifically, DeWalle and Swistock (1994) concluded that the isotopic fractionation
process of selection had a larger impact on stemflow isotopic enrichment than the
evaporation process. Ikawa et al. (2011) speculated heavier, more enriched isotopic
signatures of stemflow would signify both isotopic fractionation processes of (i)
evaporation and (ii) mixing along stemflow pathways of isotopically lighter rainwater
down the stem with heavier water stored in bark tissues. This isotopically heavier
signature of stemflow indicates isotopic fractionation and that stemflow partitioning may
at least partially originate from pre-event water (i.e., water from a previous storm event)
stored in the bark (Allen et al. 2014; Ikawa et al. 2011). Isotopically heavier, more
enriched stemflow can also be attributed to evaporation (or condensation), exchange with
heavy inter-canopy water vapor, and selection (Allen et al. 2017).
Liu et al. (2008) found stemflow more isotopically depleted in a rubber plantation
dominated by smooth bark Hevea brasiliensis, in comparison to a tropical seasonal rain
forest dominated by rough-barked Pometia tomentosa and Terminalia myriocarpa that
had isotopically enriched stemflow. Allen et al. (2014), studying Pseudotsuga menziesii
speculated that tree species could slightly impact isotopic composition of rain partitioning
(i.e. stemflow) when compared to precipitation, based on variable bark thickness and
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morphology. Moreover, depending on influences from the canopy and bark water storage
capacities, intra-storm variation could also influence rain partitioning due to how a storm
(and respective isotopic composition of precipitation) changed over time (Allen et al.
2014).
2.3

Isotope Analysis and Storm Meteorology
Additionally, stemflow generation mechanisms were variable within and among

discrete storm events (Ikawa et al. 2011; Kazda 1990; Levia et al. 2011). Generally,
discrete storm events had heavier, more enriched isotopic signatures of precipitation at
the beginning of the event and got successively more depleted throughout the storm
(Allen et al. 2014; Celle-Jeanton 2004; Kubota and Tsuboyama 2003). Of stemflow and
throughfall, 70% of samples had heavier, more enriched δD and δ18O isotopes than
rainfall in individual, discrete storm events; whereas rainfall and throughfall were more
depleted than the highly enriched stemflow, signifying that pre-storm water was stored in
bark tissue and then pushed out into stemflow pathways during subsequent storm events
(Kubota and Tsuboyama 2002). Therefore, additional variables such as storm magnitude
(i.e. total rainfall amount), intensity, and duration should be considered when studying
variability of stable isotope compositions of stemflow in comparison to rainfall and
throughfall because they can provide a better explanation of isotopic composition origin.
Furthermore, the process of collecting rainfall samples via sequential sampling
during discrete storm events can provide more accurate and precise data about intrastorm
isotopic variation (Celle-Jeanton et al. 2003; Fischer et al. 2017; Kubota and Tsuboyama
2003). During discrete storm events, a V-shaped pattern, first described by Kendall
(1993) often occurs, where precipitation is most enriched at the beginning and most
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depleted (D and 18O) in the middle, with the final rainfall sample of the storm being more
enriched than the bulk sample; this is due to the heaviest isotopes condensing and falling
from the cloud first. Allen et al. (2014) noted the V-shaped pattern in five of seven
sequentially sampled storm events.
Moreover, it is important to consider the origin of each storm (i.e. continental,
convective, or oceanic source). Storm events had unique isotopic signatures in
precipitation based on either their coastal or continental influence, and seasonal effect
(Bowen and Wilkinson 2002; Dansgaard 1964). The continental effect has been found to
influence the isotopic signature of precipitation; the further away a storm traveled from
the ocean, the more depleted the water became of δ18O due to loss of moisture during
passage over land (Figure 2.1) (Clark and Fritz 1997; Dansgaard 1964). Because
continental effect played such a large role on storm isotopic composition, geographical
location was important to consider as well; the further from the equator an airmass was
(i.e. the latitudinal effect), the more depleted precipitation became in δ18O, also because
of moisture loss during passage over land and cooler regions (Figure 2.1) (Dansgaard
1964; Lachniet 2009). Dansgaard (1953) also found that as an air mass travels across a
continent, it may lose a portion of its water content because the heavier isotopes condense
out as precipitation and because cooler air cannot hold as much water. Taylor (1972)
found that the isotopic composition of precipitation from continental origins aligned
linearly with the meteoric water line at lower temperatures due to minimal evaporation
(i.e. the more evaporation that occurred, the further a water sample was from the meteoric
water line).
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Figure 2.1

From the Global Network of Isotopes in Precipitation stations, a worldwide
compilation of average yearly δ18O has been established (Bowen and
Wilkinson 2002).

During the rainout process, falling rain drops mixed with the ascending air from
the storm front (Bolin 1959; Friedman et al. 1962), consequentially ending in an isotopic
composition unrelated to the depleted isotopic signature from the cloud which the rain
drops originated (Gat 1996). This process resulted in an isotopic equilibrium between the
rain drops and the ambient air, resulting in the near-ground temperature being a good
predictor of isotopic composition of precipitation (Dansgaard 1964; Yurtsever 1975).
Rindsberger and Magaritz (1983) found the temperature at the cloud base to be an even
more precise approximation of isotopic composition than near-ground temperature.
However, there were two exceptions to this theory: (i) storms in which hail or snow
reached the ground because there was no isotopic exchange (Jouzel and Merlivat 1984)
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and (ii) convective storms (Gat 1996). Due to the typical strong local downdrafts of
convective storms, the isotopic composition of precipitation was based on in-cloud air,
not the ambient air (Gat 1996). In convective storms, the resulting precipitation was more
depleted than that which would be from true equilibrium precipitation, in contrast to
continental and oceanic storms (Gat 1996).
Clark and Fritz (1997) found that storms originating from the Gulf of Mexico (i.e.
oceanic origin) generally had a more enriched, heavier (δ18O) isotopic signature in
precipitation than storms from the Atlantic or Pacific Oceans, reflective of hotter,
subtropical zones (Figure 2.2). Merlivat and Jouzel (1979) found that due to higher
humidity around oceanic sourced storms, isotopic composition of precipitation was more
enriched in heavy isotopes (δ18O). Additionally, isotopic composition of oceanic storms
was highly dependent on air-sea interactions, thus seasonal air temperatures that affect
oceanic temperatures were reflected in isotopic composition of precipitation from storms
of oceanic origin (Gat 1996).
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Figure 2.2

Isotopic composition of seawater (δ18O) (LeGrande and Schmidt 2006).

Heaviest δ18O values are found in subtropical zones, whereas lightest δ18O values are
attributed to surface water inputs.

Gat (1996) also found that as rain drops fell from the cloud base, evaporation
from the rain drop itself resulted in isotopic enrichment of the rain drop. Thus, numerous
different processes affect isotopic composition of precipitation, and potentially rain
partitioning by the forest canopy as well. Although these processes have been well
studied, there are knowledge gaps that must be filled and connections yet to be made
between atmospheric processes and storm origins affecting rain partitioning. Therefore,
these processes must be further researched to get a more thorough understanding of the
ongoing mechanisms affecting isotopic composition of rain and rain partitioning, as well
as the significant effects on forest hydrology.
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METHODS
3.1

Site Description
The study was conducted in the Tibbee Watershed (HUC8: 03160104) at Sessums

Natural Area (SNA), an ~80-year-old oak-hickory stand on the geologic transition of
Demopolis Chalk and the Ripley Formation in the mixed coastal plain ecoregion (USDA
2017). The site is near Mississippi State University, Starkville, Mississippi (33.42 N,
88.76 W) (Figure 3.1). The mean 30-year temperatures for this southern temperate
climate in northeastern Mississippi are 26.6 ᵒC in summer (June, July, and August) and
6.8 ᵒC in winter (December, January, and February) (NCDC 2012). The 30-year mean
annual rainfall is 1402.6 mm: the wettest season is winter (413.8 mm), followed by
spring (365.0 mm), summer (314.7 mm), and fall (312.9 mm), with nearly all
precipitation falling as rainfall (NCDC 2012). Proximity to Mississippi State University
permitted the continuous collection of discrete storm events throughout the study period.
These fine-scale data were used to determine the effects of storm characteristics (such as
magnitude, intensity, and duration) on stemflow. All measured and calculated storm
characteristics are recorded in Table A.1 in the Appendix.
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Figure 3.1

Canopy area (m2) and tree species for each individual experimental tree
located at Sessums Natural Area, MS.
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The oak-hickory stand has a diverse array of deciduous tree species which were
selected to characterize the effects of bark structural characteristics on stemflow
hydrology. The six experimental species included two hickory species: CSH: Carya
ovata (common shagbark hickory) and PNH: C. glabra (pignut hickory), two white oak
species: PO: Quercus stellata (post oak) and WO: Q. alba (white oak), and two red oak
species: CBO: Q. pagoda (cherrybark oak) and SO: Q. shumardii (Shumard oak), with
three trees per species (Table 3.1). Tree species were chosen based on their bark
characteristics. CSH has slate gray, shaggy bark that forms large vertical plates that curve
away from the trunk at both ends (Hodges et al. 2012) (Figure 3.2a). PNH has gray, tight,
smooth bark with shallow fissures of an irregular diamond formation (Hodges et al. 2012)
(Figure 3.2b). PO has gray bark with shallow ridges and shallow fissures (Hodges et al.
2012) (Figure 3.2c). WO has whitish bark varying from scaly to irregular platy bark with
smooth patches (Hodges et al. 2012) (Figure 3.2d). CBO has light gray bark with shallow
furrows and scaly ridges (Hodges et al. 2012) (Figure 3.2e). SO has dark gray furrows
with lighter gray, smooth ridges (Hodges et al. 2012) (Figure 3.2f).
Table 3.1

Description of tree characteristics selected for their unique bark
characteristics at Sessums Natural Area including species codes used,
number of trees sampled, mean diameter at breast height (DBH), and
average bark thickness at breast height with standard error (n = 42; 14 per
tree).

Tree Species

Scientific Name

Shagbark hickory
Carya ovata
Pignut hickory
Carya glabra
Post oak
Quercus stellata
White oak
Quercus alba
Cherrybark oak
Quercus pagoda
Shumard oak
Quercus shumardii

Species Code # of Trees
CSH
PNH
PO
WO
CBO
SO

3
3
3
3
3
3
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DBH (cm)

Bark Thickness (cm)

30.0
44.6
59.1
57.6
68.6
61.9

0.64 ± 0.45
1.13 ± 0.62
1.35 ± 0.50
1.67 ± 0.61
1.07 ± 0.32
0.94 ± 0.44

Figure 3.2

Photos of the six tree species chosen due to their diverse bark
characteristics (a.) CSH, Shagbark Hickory, (b.) PNH, Pignut Hickory, (c.)
PO, Post Oak, (d.) WO, White Oak, (e.) CBO. Cherrybark Oak, and (f.)
SO, Shumard Oak.

Bark thickness measurements were taken at breast height to determine average
outer bark thickness (cm) of each experimental tree species (Table 3.1). Of each tree, 14
measurements were taken, and with three trees per species a total of 42 measurements
were taken per species. Diameter at breast height was measured for each experimental
tree as well (Table 3.1).
3.2

Experimental Design
Water samples were collected from stemflow, throughfall, and rainfall at SNA

following individual, discrete storm events where at least 12 mm of rainfall occurred.
Storms were chosen for analysis if they were large enough to generate enough stemflow.
A discrete storm event was delimited by any antecedent dry period of at least six hours
before a storm event. Sequential sampling of rainfall was conducted during two discrete
storm events (03/03/2016; 11/28/2016) to provide more accurate and precise data about
intrastorm isotopic variation (Fischer et al. 2017; Kubota and Tsuboyama 2003). Time
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intervals for sequential collections were determined based on the length of individual
storm events.
Stemflow collars were made from polyethylene tubing (2.54 to 3.81-cm inner
diameter) cut longitudinally, wrapped around tree trunk, and attached to the tree with
aluminum nails and silicone caulk which funneled stemflow into a nonreactive,
polyethylene bin on the ground (Figure 3.4). Stemflow bins were either 68 L or 121 L,
depending on tree DBH; larger trees had larger bins. Four throughfall collectors were also
located at the study site for comparison of volumetric flux and isotopic composition to
that of stemflow and bulk precipitation. An automatic rain gauge (RG3-M, Onset HOBO
Data Loggers) was located at the MSU Dairy Farm approximately three km from
Sessums Natural Area in an open field to minimize interference from neighboring trees
and structures. Data from the automatic rain gauge were downloaded monthly to verify
collected rainfall volumes, duration, and storm event dates against that of the manual rain
gauge data, also located at the MSU Dairy Farm. Both the manual rain gauges and
throughfall collectors consisted of a funnel with a 20.32 cm diameter (containing glass
wool at the funnel opening to prevent evaporation), connected to a nonreactive Nalgene
bottle on a 1-meter high post. The throughfall collectors were located under oak and
hickory crowns away from tree boles at the study site.
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Figure 3.3

A stemflow collar fitted to a tree (PNH: Carya glabra) in the front with a
throughfall collector in the back left under a closed canopy.

Samples were collected within 12-24 hours of storm cessation to preserve isotopic
integrity (i.e., to limit further fractionation). Water samples were collected in the field in
20 mL plastic vials with zero head space to preserve isotopic integrity. To determine
whether stemflow originated from pre-event water, gross rainfall was collected for a
baseline water sample comparison. Samples were returned to the laboratory and stored at
room temperature until analysis. In addition, all analyses of isotopic composition
comparing stemflow and/or throughfall to precipitation only used storm events 6-19 due
to equipment malfunction that caused precipitation samples from storm events 1-5 to be
unusable.
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3.3

Hydrology and Rain Partitioning
To determine the collected stemflow volume for each individual tree based on the

size of polyethylene bin used for collections, Equation 3.1 was used:
(3.1)

𝑦 = 𝑚𝑥 + 𝑏

where y is the calculated volume, m is the calculated slope, b is the y-intercept, and x is
the measured stemflow depth. Three different sized bins were used thus multiple
regressions were developed and set equal to zero. Then the measured stemflow depth in
each bin was converted to stemflow volume depending on what bin type was used: (i)
large blue bin: y = 1.64x + 0; R2 = 0.99, (ii) large black bin: y = 2.58x + 0; R2 = 0.98, or
(iii) small blue bin: y = 0.59x + 0; R2 = 0.99.
To determine stemflow depth equivalent collected in the field from the
polyethylene bins, the following equation was used:
𝑉

(3.2)

𝐷=𝐴

where V is stemflow volume, D is measured stemflow depth, and A is the collecting area
of each gauge. For stemflow gauges the collecting area was the crown area and for
rainfall and throughfall gauges the surface area of the funnels (324.29 cm2) were used.
Crown area was determined by taking six measurements of canopy radius per tree
and then calculating individual tree canopy area:
𝐶𝐴 = 𝜋𝑟

(3.3)

2

where CA is crown area and 𝑟 is the average crown radius per tree.
The funneling ratio, defined by Herwitz (1986), was also considered for
comparison of stemflow between species by using Equation 3.4:
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𝐹𝑅 =

𝑉

(3.4)

𝐵𝐴×𝑃𝑔

where FR is the funneling ratio, V is stemflow volume, Pg is precipitation depth, and BA
is trunk basal area of each individual tree. A funneling ratio greater than one suggests that
the outlying crown contributes to stemflow yield in addition to that contribution of the
tree trunk (Siegert and Levia, 2014). A one-way analysis of variance (ANOVA) was used
to determine whether there were differences in funneling ratio between species, whereas
a pairwise t-test with pooled standard deviation (SD) was used to calculate comparisons
between species with corrections for multiple testing, along with the Holm p-value
adjustment method (Holm 1977).
To analyze interspecific differences of stemflow, stemflow partitioning as a
percent of rainfall magnitude was calculated:
𝑆𝐹

(3.5)

𝑆𝐹 % = 𝑃𝑔 × 100
where SF is the stemflow depth equivalent and Pg is the field measurement of

precipitation depth. Then, an ANOVA was used to determine significant differences in
stemflow as a percent of storm magnitude between species. To determine species-specific
stemflow partitioning significant differences as a percent of storm magnitude, a pairwise
t-test with pooled SD was used to calculate comparisons between group levels with
corrections for multiple testing, along with the Holm p-value adjustment method (Holm
1977).
3.4

Isotope Analysis and Rain Partitioning
Isotope analyses were conducted with laser ablation spectroscopy (liquid water

isotope analyzer DLT-100; Los Gatos Research, Mountain View, CA) at the Louisiana
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State University Forest and Wetland Ecohydrology Laboratory under the supervision of
Dr. Richard F. Keim. Laser ablation spectroscopy was used to determine δD and δ18O
with respect to V-SMOW (Vienna-Standard Mean Ocean Water, i.e., Rstandard in Equation
1.1), the global standard value of δD and δ18O in fresh water (Kendall et al. 1995). Data
were compared to the global meteoric water line, which is an equation that expresses the
worldwide average relationship between hydrogen and oxygen isotope ratios in
precipitation (Craig 1961) (Figure 3.4). Deviations from global the meteoric water line
indicate various hydrological processes may be occurring depending on geographic
location and climate (Gibson et al. 2005).

Figure 3.4

Schematic showing deviations in δ18O (‰) and δD (‰) from the meteoric
water line from Michener and Lajtha, 2008.
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To compare isotopic samples of stemflow, throughfall, and precipitation, the
global meteoric water line (Eq. 3.6; GMWL) was used in addition to the local meteoric
water line (Eq. 3.7; LMWL), which was developed from 17 samples of precipitation from
this study (Figure 3.5). The equation used for the global meteoric water line, originally
described by Craig (1961) is:
(3.6)

δD = 8.00 × δ18 O + 10.00‰

where δ defines the variation in isotope abundance ratio (18O/16O or D/1H) relative to the
standard (Eq. 1.1) and roughly, 𝑑 = 10.00‰, is the deuterium-excess (i.e. the intercept
value for the GMWL).

δD = 7.38 × δ18O + 10.19‰
r2 = 0.908

Figure 3.5

Local meteoric water line (dashed line) created with 17 samples of
precipitation using isotopic composition of δ18O or δD in comparison to the
global meteoric water line (solid line).
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Additionally, a local meteoric water line (LMWL) was established by collecting
17 individual precipitation samples from different storm events, analyzing them to
determine δD and δ18O ratios, and then creating a regression line by using a standardized
major axis estimation of isotopic compositions (δ18O and δD) for comparison against
stemflow and throughfall samples. The equation determined for the local meteoric water
line was:
(3.7)

δD = 7.38 × δ18 O + 10.19‰

where δ defines the variation in isotope abundance ratio (18O/16O or D/1H) relative to the
standard (Eq. 1.1) and precisely, 𝑑 = 10.19‰ , is the deuterium-excess (i.e. the intercept
value for the LMWL). The lower slope in the regression line (7.38) of the local meteoric
water line indicates significant evaporation from precipitation compared to that of the
global meteoric water line (Liu et al. 2008). To determine if the y-intercept (i.e.
elevation) of the local meteoric water line differed significantly from that of stemflow, a
one-sample test of a major axis elevation was used. To determine if the y-intercept of
individual species were significantly different from one another a test for equal elevation
among several lines fitted with major axes of common slope was used.
An ANOVA was run to compare isotopic composition (δD and δ18O) of stemflow
to that of throughfall and precipitation. Additional ANOVAs were run to determine if
significant differences existed in stemflow isotopic composition (δD and δ18O) between:
(i) seasons and (ii) tree species. If significant differences were found after running an
ANOVA, it was followed by a pairwise t-test with pooled SD was used to calculate
comparisons between group levels with corrections for multiple testing, along with the
Holm p-value adjustment method (Holm 1977).
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3.5

Isotope Analysis and Storm Meteorology
All 19 collected meteorological events were divided into storm origin by analysis

of weather maps (NOAA 2017) including: continental influence, convective (i.e. local)
influence, or oceanic influence from the Gulf of Mexico. An ANOVA was then used to
determine if the isotopic composition (δD and δ18O) of precipitation from the three storm
types were significantly different. A pairwise t-test with pooled SD was used to calculate
comparisons between group levels with corrections for multiple testing, along with the
Holm p-value adjustment method (Holm 1977), to determine what storm types
isotopically (δD and δ18O) varied amongst one another.
Storm magnitude, duration, and intensity were measured and calculated. Storm
intensity was calculated as:
𝐼=

𝑀

(3.8)

𝐷

where I is intensity (cm/hour), M is storm magnitude (cm), and D is storm duration
(hours).
All statistical tests were conducted using R (R Core Team 2017).
3.6

Bark Water Storage Capacity Experiment
A bark-wetting experiment, adapted from Levia and Herwitz (2005) and Van Stan

et al. (2015), was conducted with all six experimental tree species to determine the intraand interspecific variations in bark water storage capacity. Bark samples were taken from
18 trees, with three trees per species and three samples per tree. Bark sampling is a very
destructive process thus samples of bark were limited to 16.5-36.8 cm2. Trees with DBH
similar to that of the stemflow-collared trees were selected for bark sampling. The
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stemflow-collared trees were not used because taking bark samples may have interfered
with stemflow pathways. Three bark samples were taken from different locations around
the circumference of each tree at breast height, resulting in 3 bark samples per tree, 9
bark samples per species, and 54 total bark samples.
Photos of each bark sample were taken on white paper with a 1x1 cm black
square that served as a scale reference. All images were then individually uploaded to
ImageJ (Schneider et al. 2012) as .jpeg files to measure pixels of bark in comparison to
pixels in the 1x1 cm black box to determine projected surface area per bark sample. All
bark samples were dried in the lab for one month. All sides of the bark samples, except
for the front, were then sealed with paraffin wax then weighed with wax (Mwax ). Next, to
determine the volume of each dried bark sample (Vb ), instantaneous displacement was
conducted using a known volume of de-ionized water in a graduated cylinder. Dried
samples were then submerged in de-ionized water and weighed after four days when fully
saturated (Msat ) (Herwitz 1985; Levia and Herwitz 2005; Levia and Wubbena 2006). To
determine bark water storage capacity Equation 3.9 was used:
𝑠𝑏𝑎𝑟𝑘 =

𝑀𝑠𝑎𝑡 −𝑀𝑤𝑎𝑥

(3.9)

𝑉𝑏

where sbark is bark water storage capacity per sample, Mwax is the weight of the dried
bark samples with paraffin wax, Msat is the weight of the fully submerged bark sample,
and Vb is the bark volume determined via instantaneous displacement.
To scale up bark water storage capacities (sbark ) of individual bark samples to
individual trees, three steps adapted from Van Stan et al. (2016) were followed:
(i) bark thickness measurements per sample were calculated by:
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𝑑𝑏𝑎𝑟𝑘 =

𝑉𝑏

(3.10)

𝐴𝑏

where dbark is bark thickness per individual sample, Vb is bark volume, and Ab is bark
projected surface area (obtained from ImageJ analysis).
(ii) the allometric formula for deciduous tree species (R2 > 0.95) from Whittaker
and Woodwell (1967) was used to determine stem bark surface area from tree DBH:
(3.11)

𝑙𝑜𝑔10 𝐴𝑠 = 2.6716 + 1.5881𝑙𝑜𝑔10 𝐷𝐵𝐻

where DBH is individual tree diameter at breast height and As is stem (i.e. in this specific
case stem refers to the tree bole) bark surface area.
(iii) To scale up and calculate the bark water storage capacity per tree stem for
each tree, Equation 3.12 was used:
(3.12)

𝐵𝑊𝑆𝐶 = (𝐴𝑠 ) × 𝑑𝑏𝑎𝑟𝑘 × 𝑠𝑏𝑎𝑟𝑘

where As is stem bark surface area for each tree (Eq. 3.9), dbark is each trees’ average
bark thickness measurements (Eq. 3.10), and sbark is bark water storage capacity of each
individual bark sample.
To account for variations in tree size, bark water storage capacity volumes were
normalized by basal area of each individual tree:
𝐵𝑊𝑆𝐶𝑛𝑜𝑟𝑚 =

𝐵𝑊𝑆𝐶

(3.13)

𝐵𝐴

where BWSCnorm is normalized bark water storage capacity, BWSC is bark water storage
capacity, and BA is individual tree basal area. Then, to compare normative bark water
storage capacity volumes (BWSCnorm ) per tree, the results between species were
compared using an ANOVA, followed by a pairwise t-test with pooled SD to calculate
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comparisons between group levels with corrections for multiple testing, along with the
Holm p-value adjustment method (Holm 1977).
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RESULTS
4.1

Hydrology and Rain Partitioning
Over 15 months, 19 separate storm events were collected (Table 4.1). No isotopic

results for storms 1, 2, 3, 4, or 5 were reported due to a rainfall gauge malfunction, but
these events were still included in volumetric flux analysis for stemflow comparisons.
Table 4.1
Storm
1
2
3
4
5
6
7
8**
9
10
11
12
NA*
NA*
13
14
15
NA*
16**
17
18
19

Storm event, date, season, intensity, duration, magnitude, and isotopic
composition of rainfall were measured and calculated for all 19 storms.

Storm Date
10/25/2015
10/31/2015
11/06/2015
11/18/2015
11/29/2015
12/13/2015
02/21/2016
03/03/2016
03/24/2016
03/27/2016
06/03/2016
07/09/2016
07/11/2016
08/03/2016
08/17/2016
09/13/2016
09/17/2016
11/15/2016
11/28/2016
11/29/2016
12/03/2016
01/18/2017

Season
Fall
Fall
Fall
Fall
Winter
Winter
Winter
Spring
Spring
Spring
Summer
Summer
Summer
Summer
Summer
Fall
Fall
Fall
Fall
Fall
Winter
Winter

Storm Type
Oceanic
Oceanic
Continental
Continental
Continental
Continental
Oceanic
Continental
Continental
Continental
Continental
Convective
Convective
Convective
Convective
Convective
Continental
Continental
Continental
Continental
Oceanic
Oceanic

Magnitude (cm)
2.69
2.04
1.79
4.50
2.25
2.20
1.33
2.39
1.34
0.68
5.57
5.67
0.40
0.13
1.57
1.65
4.94
0.87
3.43
4.56
5.67
2.04

Intensity (cm/h)
0.04
0.05
0.05
0.36
0.03
0.35
0.04
0.10
0.11
0.06
0.12
0.21
1.77
0.00
0.04
1.71
0.16
0.77
0.57
0.43
0.09
0.10

Duration (h)
74.59
42.93
38.56
12.61
69.37
06.33
34.33
24.00
12.00
12.00
47.80
27.05
00.23
27.88
40.72
00.96
31.17
01.13
05.99
10.60
65.29
21.13

*NA is for precipitation samples collected without stemflow and throughfall samples for
the local meteoric water line.
**Also, bulk samples were collected along with seven sequential rainfall samples on
03/03/2016 and eight sequential rainfall samples on 11/28/2016.
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Stemflow partitioning as a percent of gross rainfall showed a significant
difference among species over the 19 collected storm events (ANOVA, df = 5, p < 0.001)
(Figure 4.1). Further analysis using a pairwise t-test with pooled SD to calculate
comparisons between group levels with corrections for multiple testing, along with the
Holm p-value adjustment method (Holm 1977), (Table 4.2) showed that CSH had
significantly higher stemflow partitioning than all other species. Stemflow partitioning in
CSH (3.17 ± 3.78%) was significantly larger than red oaks [CBO (0.35 ± 0.40%) and SO
(0.96 ± 0.87%)], white oaks [PO (0.17 ± 0.20%) and WO (0.11 ± 0.11%)], and the other
hickory species [PNH (1.20 ± 1.86%)] (Table 4.2). Stemflow partitioning in PNH (1.20 ±
1.86%) was also significantly larger than both white oaks [PO (0.17 ± 0.20%) and WO
(0.11 ± 0.11%)] (Table 4.2).

Figure 4.1

Stemflow partitioning (%), shown for each tree species over 19 storm
events (ANOVA: df = 5, p < 0.001) (CSH: Carya ovata, PNH: C. glabra,
PO: Quercus stellata, WO: Q. alba, CBO: Q. pagoda, and SO: Q.
shumardii).

The box-and-whisker plot shows the maximum value, upper quartile range, median,
lower quartile range, and minimum value of this data.
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Table 4.2

P-value results from a pairwise t-test with pooled standard deviation used
to calculate comparisons between group levels with corrections for multiple
testing, along with the Holm p-value adjustment method (Holm 1977) of
stemflow as a percentage of rainfall magnitude per tree species (CSH:
Carya ovata, PNH: C. glabra, PO: Quercus stellata, WO: Q. alba, CBO:
Q. pagoda, and SO: Q. shumardii).

PO
WO CBO
Species CSH PNH
PNH <0.001
PO
<0.001 0.031
WO
<0.001 0.023 1.000
CBO <0.001 0.111 1.000 1.000
SO
<0.001 1.000 0.120 0.111 0.332
All bolded p-values indicate significant pairwise differences (α = 0.05).
Despite low sample sizes (spring: n = 3, summer: n = 3, fall: n = 8, and winter: n
= 5, seasonal variation of stemflow partitioning was visually evident (Figure 4.2). CSH
had the highest average stemflow partitioning (3.17%), with the greatest value in fall
(3.99%) (Figure 4.2c), and PNH had the second highest average across all seasons
(1.20%) (Figure 4.2). SO had the third highest stemflow partitioning (0.96%), primarily
in fall and winter (Figure 4.2c,d), followed by CBO (0.35%), PO (0.17%), and WO
(0.11%), respectively. The white oaks (PO and WO) had very low stemflow partitioning
across all seasons (Figure 4.2). Average stemflow partitioning amongst the six
experimental species was highest during the dormant seasons of fall (1.25 ± 2.50%, n =
134) (Figure 4.2c) and winter (0.86 ± 1.74%, n = 86) (Figure 4.2d), and the lowest in the
growing seasons of spring (0.81 ± 1.67%, n = 54) (Figure 4.2a) and Summer (0.79 ±
1.46%, n = 44) (Figure 4.2b).
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Figure 4.2

Stemflow partitioning (%)for each tree species over 19 storm events for
(a.) spring (n = 3), (b.) summer (n = 3), (c.) fall (n = 8), and (d.) winter (n
= 5) (CSH: Carya ovata, PNH: C. glabra, PO: Quercus stellata, WO: Q.
alba, CBO: Q. pagoda, and SO: Q. shumardii).

The box-and-whisker plot shows the maximum value, upper quartile range, median,
lower quartile range, and minimum value of this data.

Significant differences were found in funneling ratio, (normalized by basal area)
among individual trees (ANOVA: df = 17, p < 0.001) (Figure 4.3) and between each
species for the 19 collected storm events (ANOVA: df = 5, p < 0.001) (Figure 4.4). The
average funneling ratio of PNH (2.34) was significantly higher than all other
experimental species (Table 4.3). With a funneling ratio greater than one, trees such as
PNH (2.34), CSH (1.51), SO (1.28), and CBO (1.12) had crowns that contributed to
stemflow yields (Figure 4.4). However, PO and WO both had funneling ratios (0.91 and
0.43, respectively) lower than one, indicating that their thick bark tissues and high bark
water storage capacities may have led to a lower funneling ratio and affected stemflow
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yields (Figure 4.4). Significant differences were found where the funneling ratio of PNH
was significantly higher than all other species and the funneling ratio of WO was
significantly lower than all other species except PO (pairwise t-test with pooled standard
deviation: p < 0.05).

Figure 4.3

Funneling ratio of each individual experimental tree, highlighted by species
over 19 storm events (ANOVA: df = 17, p < 0.001); outlying crown
contributes significantly to stemflow yield when funneling ratio > 1 (CSH:
Carya ovata, PNH: C. glabra, PO: Quercus stellata, WO: Q. alba, CBO:
Q. pagoda, and SO: Q. shumardii).

The box-and-whisker plot shows the maximum value, upper quartile range, median,
lower quartile range, and minimum value of this data.
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Table 4.3

A pairwise t-test with pooled standard deviation was used to calculate
comparisons between group levels with corrections for multiple testing,
along with the Holm p-value adjustment method (Holm 1977) for
comparison of stemflow funneling ratio between study species for 19 storm
events (CSH: Carya ovata, PNH: C. glabra, PO: Quercus stellata, WO: Q.
alba, CBO: Q. pagoda, and SO: Q. shumardii).

Species CSH
PNH
PO
WO CBO
PNH
0.007
PO
0.085 <0.001
WO
<0.001 <0.001 0.290
CBO
0.484 <0.001 0.933 0.033
SO
0.933 <0.001 0.487 0.004 0.933
All bolded p-values indicate significant pairwise differences (α = 0.05).

Figure 4.4

Funneling ratio measured from individual crown area of each experimental
species during each of the 19 storm events; outlying crown contributes
significantly to stemflow yield when funneling ratio > 1 (CSH: Carya
ovata, PNH: C. glabra, PO: Quercus stellata, WO: Q. alba, CBO: Q.
pagoda, and SO: Q. shumardii).

The box-and-whisker plot shows the maximum value, upper quartile range, median,
lower quartile range, and minimum value of these data.
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Results suggested that average funneling ratios for all six species were
significantly different between seasons (ANOVA, df = 3, p = 0.001) (Figure 4.5),
whereas average funneling ratio in spring (Figure 4.5a) was significantly greater than
summer (p = 0.036) (Figure 4.5b), fall (p = 0.016) (Figure 4.5c), and winter (p = 0.013)
(Figure 4.5d). Then, a linear model was fit to funneling ratio (Figure 4.6, Table 4.4) to
determine the relationship between crown area and stemflow generation (Table 4.4),
where the R2 values of PO (0.945), WO (0.965), and SO (0.971) showed the strongest
relationship between funneling ratio and stemflow partitioning. The regression lines of
the different tree species expressed the variation of funneling ratio between tree species
(Table 4.4). The hickories (PNH and CSH), and the red oaks (SO and CBO) had crowns
that largely contributed to stemflow generation while both white oaks (PO and WO) had
smaller funneling ratios most likely due to thicker bark tissues and higher bark water
storage capacities (Figure 4.6, Table 4.4). Additionally, for all six species, average
funneling ratio was highest in the dormant season and changed from the dormant to
growing season by: CSH (-33%), PNH (-16%), PO (-60%), WO (-32%), CBO (-34%),
and SO (-47%), attributable to decreased interception during the dormant season.
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Figure 4.5

Funneling ratios of stemflow are variable by season (ANOVA: df = 3, p =
0.001); outlying crown contributes significantly to stemflow yield when
funneling ratio > 1 (CSH: Carya ovata, PNH: C. glabra, PO: Quercus
stellata, WO: Q. alba, CBO: Q. pagoda, and SO: Q. shumardii) and where
seasons are (a.) spring (n = 3), (b.) summer (n = 3), (c.) fall (n = 8), and
(d.) winter (n = 5).

The box-and-whisker plot shows the maximum value, upper quartile range, median,
lower quartile range, and minimum value of this data.

Table 4.4

Species
CSH
PNH
PO
WO
CBO
SO

Linear models of funneling ratio based on individual tree basal area for all
species where y is the y-coordinate of a given point on the line and x is the
x-coordinate of a given pint on the line (CSH: Carya ovata, PNH: C.
glabra, PO: Quercus stellata, WO: Q. alba, CBO: Q. pagoda, and SO: Q.
shumardii).
Regression Line
y = 0.725x + 0.249
y = 1.166x + 0.979
y = 0.134x + 4.633
y = 0.010x + 3.658
y = 0.430x + 1.999
y = 0.110x + 1.213

R2
0.765
0.655
0.945
0.965
0.663
0.971

p
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

All bolded p-values indicate significant pairwise differences (α = 0.05).
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Figure 4.6 indicates that there is a variation between species for the relationship
between funneling ratio and stemflow partitioning as evidenced by the differences in
slope and intercept. A funneling ratio greater than one, indicates that the tree is efficient
at funneling water from the canopy, however further data suggests that there is a positive
relationship between funneling ratio and stemflow partitioning (Figure 4.6). Furthermore,
there were two varying slopes represented (Figure 4.6a) within each individual slope of
both CSH and PNH, related to leafless periods. The two linear relationships (Figure 4.6a)
in CSH and PNH show the effect of the leafless seasons (fall and winter) on hickory
funneling ratios. Both CSH and PNH had a second noticeable regression line where
funneling ratios and stemflow partitioning were lower in the growing seasons (Figure
4.6a). For these two species, funneling ratios were much higher in the dormant seasons
(fall and winter) compared to the growing seasons (spring and summer), explaining the
small R2 values in Table 4.4.
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Figure 4.6

Funneling ratio and stemflow partitioning (%) (n = 3 per species) over 19
storm events where shaded regions are 95% confidence intervals; outlying
crown contributes significantly to stemflow yield when funneling ratio > 1,
and where species are divided into (a.) hickory (HICK), (b.) white oak
(WO), and (c.) red oak (RO) (CSH: Carya ovata, PNH: C. glabra, PO:
Quercus stellata, WO: Q. alba, CBO: Q. pagoda, and SO: Q. shumardii).

The box-and-whisker plot shows the maximum value, upper quartile range, median,
lower quartile range, and minimum value of this data.

4.2

Isotope Analysis and Rain Partitioning
The average δ18O isotopic composition of precipitation (-4.08 ± 2.34‰) was more

depleted than that of stemflow (-4.02 ± 2.13‰) but not throughfall (-4.19 ± 2.10) (Table
4.5). The average δD isotopic composition of precipitation (-20.23 ± 17.72‰) was more
depleted than that both throughfall (-19.74±15.95‰) and stemflow
(-18.63 ± 15.65‰) (Table 4.5). Furthermore, stemflow was most isotopically depleted of
δ18O in PNH, followed by PO and WO, CBO, CSH, and SO, respectively. Stemflow was
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most isotopically depleted of δD in PNH, followed by PO, WO, CBO, CSH, and SO,
respectively. However, CSH had the highest isotopic variation in δD, where isotopic
variation in δ18O was similar in all species (Table 4.5).
Table 4.5

The distribution of δ18O and δD isotopic compositions across stemflow,
throughfall, and precipitation sources at Sessums Natural Area (CSH:
Carya ovata, PNH: C. glabra, PO: Quercus stellata, WO: Q. alba, CBO:
Q. pagoda, SO: Q. shumardii, PG: rain, and TF: throughfall). *

δ18O (‰)
δD (‰)
Mean
Min
Max
Mean
Min
Max
n
CSH
-3.98 ± 2.04 -8.16 -0.48 -18.12 ± 15.69 -50.10 +7.37
40
PNH
-4.06 ± 2.17 -7.91 -0.28 -19.85 ± 15.14 -47.38 +1.94
36
PO
-4.04 ± 2.05 -7.41 -0.01 -18.92 ± 15.29 -45.80 +5.78
40
WO
-4.04 ± 1.95 -7.96 -0.75 -18.70 ± 14.82 -48.22 +2.31
38
CBO
-4.02 ± 2.31 -8.34 -0.22 -18.44 ± 16.55 -47.53 +6.74
41
SO
-3.97 ± 2.28 -8.45 -0.54 -17.72 ± 16.41 -49.45 +6.92
42
PG
-4.08 ± 2.34 -7.52 -0.36 -20.23 ± 17.72 -48.87 +5.95
14**
TF
-4.19 ± 2.10 -7.97 -0.38 -19.74 ± 15.95 -51.42 +7.05
56
*Storm events 6-19 were used for stemflow, throughfall, and precipitation analysis due to
no isotopic values for rain in storm events 1-5 from device malfunction (Appendix Table
A.1).
**PG samples were collected from bulk precipitation of all storm events.
Species

The local meteoric water line had a slope slightly lower than that of the global
meteoric water line (7.38 vs. 8.00) (Table 4.6), indicating isotopic fractionation. Mean
stemflow isotopic composition (δ18O or δD) was not significantly different among
species (ANOVA: df = 5, p = 1.000 and 0.999, respectively) (Figure 4.7). However,
regression lines were calculated using standardized major axis estimation to report slope
and y-intercepts of isotopic compositions (δ18O and δD) (Figure 4.7, Table 4.6). In
comparison to the y-intercept (i.e. elevation) of the local meteoric water line, the yintercepts of stemflow were significantly different (One-sample test of a major axis
elevation: df = 5, p = 0.004). However, individual species were not significantly different
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from one another (Test for equal elevation among several lines fitted with major axes of
common slope: df = 5, p = 0.784). Small variations were noted particularly in PNH (i.e. a
lower slope and y-intercept value) from all other species (Table 4.6). PNH exhibited
stronger patterns of isotopic exchange with inter-canopy water vapor via the smallest yintercept value of 9.06‰ (i.e. deuterium-excess) (Figure 4.7, Table 4.6).
Table 4.6

Source
GMWL
LMWL
CSH
PNH
PO
WO
CBO
SO

Regression lines were calculated using standardized major axis estimation
to report slope and y-intercepts of isotopic compositions (δ18O and δD) of
all tree species in comparison to the global meteoric water line (GMWL)
and the local meteoric water line (LMWL) (CSH: Carya ovata, PNH: C.
glabra, PO: Quercus stellata, WO: Q. alba, CBO: Q. pagoda, and SO: Q.
shumardii).
Regression Line
δD = 8.00 × δ18O + 10.00‰
δD = 7.38 × δ18O + 10.19‰
δD = 7.57 × δ18O + 12.73‰
δD = 6.96 × δ18O + 9.06‰
δD = 7.49× δ18O + 11.74‰
δD = 7.53 × δ18O + 12.39‰
δD = 7.19 × δ18O + 10.55‰
δD = 7.15 × δ18O + 10.88‰

*These data are from Craig (1961).
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N
*
17
55
49
52
50
55
57

Figure 4.7

Isotopic composition (δD and δ18O) from 19 storm events of stemflow by
species where most samples fell on or above the global meteoric waterline
(GMWL) (solid line) and the local meteoric water line (LMWL) (dashed
line) (CSH: Carya ovata, PNH: C. glabra, PO: Quercus stellata, WO: Q.
alba, CBO: Q. pagoda, and SO: Q. shumardii).

Isotopes were generally more depleted (δ18O or δD) in winter than all other
seasons (Figure 4.8). Summer had the more enriched isotopes (δ18O or δD) of all seasons.
More specifically, during the dormant seasons (fall and winter) (Figure 4.9a) isotopic
composition of stemflow was much more depleted in δ18O and δD compared to the
growing season (spring and summer) (Figure 4.9b). Mean isotopic composition of δD in
stemflow changed from the growing to dormant seasons by: CSH (-9.95‰), PNH
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(-5.31‰), PO (-8.13‰), WO (-6.31‰), CBO (-10.36‰), and SO (-11.25‰) and isotopic
composition of δ18O changed by CSH (-1.51‰), PNH (-0.57‰), PO (-1.18‰), WO
(-0.93‰), CBO (-1.50‰), and SO (-1.68‰), where negative per mil (‰) changes
indicate that samples became more depleted in dormant seasons (Figure 4.9). The
precipitation of continental storm origins and lower atmospheric humidity associated with
the cool temperatures of fall and winter caused the stemflow isotopic composition to be
much more depleted compared to stemflow of warmer, summer months with more
enriched isotopic compositions (Figure 4.8).

Figure 4.8

Seasonal δD and δ18O composition of rain partitioning from 14 storms
where most samples fell on or above the global (GMWL) (solid line) and
local meteoric water lines (LMWL) (dashed line).

Seasons include (a.) spring (n = 3), (b.) summer (n = 3), (c.) fall (n = 4), and (d.) winter
(n = 4) (CSH: Carya ovata, PNH: C. glabra, PO: Quercus stellata, WO: Q. alba, CBO:
Q. pagoda, SO: Q. shumardii, PG: rain, and TF: throughfall).
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Figure 4.9

4.3

Isotopic composition (δD and δ18O) from 14 storm events of stemflow,
throughfall, and rainfall by season where most samples fell on or above the
global meteoric waterline (GMWL) (solid line) and the local meteoric
water line (LMWL) (dashed line) where seasons are (a.) dormant (fall and
winter; n = 8), and (b.) growing (spring and summer; n = 6) (CSH: Carya
ovata, PNH: C. glabra, PO: Quercus stellata, WO: Q. alba, CBO: Q.
pagoda, SO: Q. shumardii, PG: rain, and TF: throughfall).

Isotope Analysis and Storm Meteorology
Storm origins were determined to be either continental, convective (i.e. local), or

oceanic based on weather maps (Figure 4.10, Figure 4.11, Figure 4.12) (NOAA 2017).
Storm origins had varying effects on stemflow, throughfall, and precipitation isotopic
values (Figure 4.13, Figure 4.14) with significant differences in δ18O and δD (ANOVA: p
< 0.005). Precipitation samples of convective storms were more enriched isotopically
than oceanic and continental storms (Figure 4.13) in δ18O and δD (pairwise comparison
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using t-tests with pooled SD with the holm p-value adjustment method: p < 0.05).
Precipitation samples of continental and oceanic storms did not differ in δ18O or δD
composition from one another (pairwise comparison using t-tests with pooled SD with
the holm p-value adjustment method: p > 0.05).

a

Figure 4.10

b

The sea level pressure map of an example continental (a.) on 03/03/2016
with the center of the low pressure system located over the Midwestern
United States and (b.) on 03/04/2016 with the low moving into the Ohio
Valley after the cold front from the low pressure passed through Starkville,
MS (NOAA 2017).
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Figure 4.11

The sea level pressure map of an example convective storm on 09/13/2016.

Weak surface patterns indicate the lack of flow and development of localized
thunderstorms due to surface heating (NOAA 2017).

a

Figure 4.12

b

The sea level pressure maps of an example oceanic storm (a.) on
01/20/2017 with the low pressure system located over eastern Texas and
southerly flow into Mississippi from the Gulf of Mexico from the warm
front portion of the storm and (b.) on 01/21/2017 with the passage of the
system into the southeast United States (NOAA 2017).
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Figure 4.13

Isotopic composition of δ18O and δD of precipitation (PG) collected from
17 individual storm events, where most samples fell on or above the global
meteoric waterline (GMWL) (solid line) and the local meteoric water line
(LMWL) (dashed line).

Storm origin classifications are (a.) continental (n = 9), (b.) convective (n = 5), and (c.)
oceanic (n = 3).
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Figure 4.14

Influence of continental, convective, and oceanic storm types on δ18O and
δD isotopic composition of stemflow, throughfall, and precipitation of 14
collected storm events, where most samples fell on or above the global
meteoric waterline (GMWL) (solid line) and the local meteoric water line
(LMWL) (dashed line) and where storm origins are (a.) continental (n = 8),
(b.) convective (n = 3), and (c.) oceanic (n = 3) (CSH: Carya ovata, PNH:
C. glabra, PO: Quercus stellata, WO: Q. alba, CBO: Q. pagoda, SO: Q.
shumardii, PG: rain, and TF: throughfall).

Of the two storms sequentially sampled, both storms were determined to be
derived from continental origins. Sequentially sampled rainfall samples followed the
typical V-shaped pattern (Figure 4.15) where the heaviest isotopes fell first from the
clouds, and then again towards the end of the event; the bulk sample is generally in the
middle isotopically (Kendall 1993). In the spring sequentially sampled storm, the isotopic
composition of stemflow was most similar to that of the precipitation from the beginning
of the storm (Figure 4.15a), suggesting that bark water storage began towards the middle49

end of the storm. The fall sequentially sampled storm had stemflow with an isotopic
composition most similar to that of precipitation from the bulk sample (Figure 4.15b),
suggesting that bark water storage occurred towards the end of the storm.

Figure 4.15

Sequentially sampled storms included (a.) a continental, spring storm
(03/03/2016) and (b.) a continental, fall (11/28/2016) storm.

Isotopic composition for δ18O and δD of precipitation was compared to the isotopic
composition of stemflow and throughfall, as well as bulk precipitation. All samples fell
on or above the global meteoric waterline (GMWL) (solid line) and the local meteoric
water line (LMWL) (dashed line) (CSH: Carya ovata, PNH: C. glabra, PO: Quercus
stellata, WO: Q. alba, CBO: Q. pagoda, SO: Q. shumardii, TF: throughfall, PGT: bulk
rain, PG1-8: sequentially sampled rain). *Note the spring storm only has seven sequential
samples.
4.4

Bark Water Storage Capacity
Overall, PNH had the highest average normative bark water storage capacity per

tree stem (407 ± 53 L/m2), followed by PO (292 ± 115 L/m2), WO (263 ± 81 L/m2), CBO
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(239 ± 67 L/m2), SO (211 ± 40 L/m2), and CSH (190 ± 69 L/m2), respectively (Figure
4.17, Table 4.7). A one-way analysis of variance (ANOVA) was used to determine
differences between species. Results suggest that normative bark water storage capacities
per stem were significantly different between species (ANOVA: p < 0.001) with PNH
having a significantly higher normative bark water storage capacity (407 ± 53 L/m2) than
all other species (pairwise comparison using t-tests with pooled SD with the holm p-value
adjustment method: p < 0.050) (Figure 4.17, Table 4.8).

Figure 4.16

Total normative bark water storage capacities (BWSC) per tree stem as a
function of basal area (L/m2) (CSH: Carya ovata, PNH: C. glabra, PO:
Quercus stellata, WO: Q. alba, CBO: Q. pagoda, and SO: Q. shumardii).
Total n=54, representing nine samples from each species.

The box-and-whisker plot shows the maximum value, upper quartile range, median,
lower quartile range, and minimum value of this data.
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Table 4.7

Mean normative bark water storage capacity (BWSC) per basal area (L/m2)
of each tree per species and group ± standard deviation (L/m2) (hickories:
CSH and PNH, white oaks: PO and WO, and red oaks: CBO and SO)
measured by an in-situ bark-wetting experiment (CSH: Carya ovata, PNH:
C. glabra, PO: Quercus stellata, WO: Q. alba, CBO: Q. pagoda, and SO:
Q. shumardii).

Group

Species

BWSC (L/m2)

Hickories

CSH
PNH
PO
WO
CBO
SO

190 ± 69
407 ± 53
292 ± 115
263 ± 81
239 ± 67
211 ± 40

White Oaks
Red Oaks

Table 4.8

P-value results of a pairwise t-test with the holm p-value adjustment
method, comparison of normative bark water storage capacities (L/m2)
between species (CSH: Carya ovata, PNH: C. glabra, PO: Quercus
stellata, WO: Q. alba, CBO: Q. pagoda, and SO: Q. shumardii).

Species CSH
PNH
PO
WO CBO
PNH <0.001
PO
0.054
0.021
WO
0.335
0.002 1.000
CBO
0.971 <0.001 0.971 1.000
SO
1.000 <0.001 0.232 0.971 1.000
All bolded p-values indicate significant pairwise differences (α = 0.05).
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DISCUSSION
5.1

Hydrology and Rain Partitioning
The hickories (PNH and CSH) and the red oaks (CBO and SO) had more

continuous, bark with smooth surfaces which led to larger stemflow volume yields and
higher funneling ratios. Herwitz and Levia (1997) similarly found that the smooth bark of
Populus grandidentata, aided in high stemflow volumetric yields compared to that of tree
species with thicker bark with deep fissures. These results support the conclusion that
CSH exhibited primarily bypass flow with some well-mixed turbulent stemflow
generation mechanisms, highlighted by the extreme variation in stemflow partitioning.
This hypothesis is further exemplified by the data that suggests the irregular, thin bark of
CSH in combination with a high funneling ratio, led to a high yield of stemflow
partitioning (i.e. bypass flow) (Figure 4.1). PNH bark had a high variation in stemflow
partitioning and large stemflow volumes (Figure 4.1), indicating a combination of bypass
and well-mixed turbulent flow stemflow generation mechanisms relative to the smooth,
yet thick bark that contributed to a high bark water storage capacity. Voigt (1960) found
similar results where stemflow yields increased in trees with smoother bark such as the
American beech, Fagus grandifolia. Red oak species, such as CBO and SO, had smooth,
yet absorptive, thick bark that generated small volumes of stemflow (Figure 4.1),
representative of piston flow being the principal stemflow generation mechanism and
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indicating exchange between pre-existing water in the thick bark tissues (i.e. pre-event
water) and stemflow. Similarly, the white oak species, WO and PO, had thick, absorptive
bark that resulted in minimal stemflow partitioning (Figure 4.1), indicating the principal
stemflow generation mechanisms to be piston flow indicating exchange between preevent water in bark tissues and stemflow as well. Thus these results support the
hypothesis that a pattern exists between bark thickness and stemflow volume, as
additionally seen in studies by Levia and Herwitz (2000 and 2005).
CSH had the highest stemflow partitioning in summer, fall, and winter consistent
with smooth, thin bark that contributed little to bark water storage and large canopy that
efficiently funneled rainfall into stemflow, whereas PNH had the highest stemflow
partitioning in spring consistent with the newly grown leaves efficiently funneling
rainfall from the canopy (Figure 4.2). Unlike the hickories (CSH and PNH), the white
oaks (PO and WO) and CBO had very low stemflow partitioning across all seasons, most
likely attributed to their thick, absorptive bark and high bark water storage capacities,
similarly to the findings of Levia and Herwitz (2005).
Stemflow partitioning amongst the six experimental species was highest during
fall (1.25 ± 2.50 %, n = 134), followed by winter (0.86 ± 1.74 %, n = 86), spring (0.81 ±
1.67 %, n = 54) and summer (0.79 ± 1.46 %, n = 44), respectively (Figure 4.2). These
data suggest that stemflow generation is higher in cooler, dormant seasons when less
evaporation occurs (fall and winter) than warmer, growing seasons consistent with higher
evaporation and interception rates (spring and summer). Similar studies showed that
during the dormant season, the leafless canopies led to unobstructed stemflow pathways
for higher stemflow yields (Helvey and Patric 1965; Neal et al. 1993; Siegert and Levia
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2014). Comparable studies found stemflow generation to be higher in dormant seasons
due to absence of foliage contributing to lower interception rates (Neal et al. 1993) and
lower temperatures leading to lower evaporation rates (Masukata et al. 1990; Neal et al.
1993).
With funneling ratios greater than one, CSH, PNH, CBO, and SO had canopies
that contributed significantly to stemflow yields (Figure 4.4). The funneling ratios of both
white oaks (PO and WO), were greatly lower than one, indicating that the thick bark of
white oaks may have led to higher bark water storage capacities and consequently lower
funneling ratios (Figure 4.4) as similarly found by Van Stan et al. (2016) with Quercus
robur. White oaks, having thick, absorptive bark also produced the lowest stemflow
volumes (Figure 4.1). Therefore, the idea of smooth-barked trees (such as red oaks and
hickories) generating higher stemflow volumes from factors such as crown area and low
bark water storage capacity can be reinforced (Van Stan and Levia 2010; Siegert and
Levia 2014). As typically observed, the smaller trees in this study generally had larger
funneling ratios than that of the larger trees, indicating that smaller trees are more
efficient and competitive at capturing rainfall (Levia and Germer 2015; Siegert and Levia
2014). Further analysis of funneling ratio and stemflow partitioning (Figure 4.6, Table
4.4) showed strong correlations in both white oaks (PO an WO) and SO. Funneling ratios
were much higher in the dormant seasons compared to the growing seasons (Figure 4.6)
attributable to the lack of crown interception, as also found by Siegert and Levia (2014).
5.2

Isotopic Fractionation: Evaporation, Exchange, and Selection
Stemflow generation was subject to isotopic fractionation, causing the isotopic

composition of stemflow to become significantly heavier than that of throughfall and
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gross rainfall (Liu et al. 2008). The data from this study support that stemflow was
isotopically heavier than throughfall and bulk precipitation averages (Table 4.5). Isotopic
composition (δ18O or δD) of stemflow, throughfall, and precipitation were not
significantly different when compared across all storms, however this could be expected
due to variation across storm events.
Moreover, species-specific differences were found throughout this study. PNH
had the highest bark water storage capacity and funneling ratio and one of the highest
stemflow partitioning rates, yet with the most depleted mean stemflow isotopic
composition, closest to that of bulk precipitation (δD = -19.85 ± 15.14‰; δ18O = -4.06 ±
2.17‰). Therefore, it can be assumed that the crown contributed significantly to
stemflow generation by overflowing stemflow pathways and surpassing bark water
storage capacity. Before stemflow pathways overflowed, piston flow initially was the
dominant mechanism, and once bark water storage capacity was filled, bypass flow
becomes the main stemflow mechanism, which led to large stemflow volumes at the tree
base with high isotopic depletion in stemflow.
SO had the most enriched stemflow isotopic composition (δD = -17.72 ± 16.41‰;
δ18O = -3.97 ± 2.28‰), followed closely by CSH (δD = -18.12 ± 15.69‰; δ18O = -3.98 ±
2.04‰). SO and CSH also had similar bark water storage capacities, bark thicknesses,
and funneling ratios. The enriched stemflow of SO was most likely attributed to the thick,
continuous bark that allowed for piston flow and evaporated water previously stored in
bark tissues to mix with stemflow. Whereas the enriched stemflow of CSH was consistent
with water getting stuck in shaggy bark furrows, attributable to evaporation and isotopic
selection processes. Thus stemflow having a longer residence time with bark while stored
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in bark tissues may have led to higher isotopic fractionation rates such as increased
evaporation.
PO and WO had similar bark water storage capacities, funneling ratios (FR < 1),
stemflow partitioning (0.16 ± 0.15 and 0.12 ± 0.10 %, respectively), and bark thicknesses
(1.4 ± 0.4 and 1.7 ± 0.5 cm, respectively). PO and WO also had similar mean stemflow
isotopic compositions (δ18O: -4.04 ± 2.05‰ and -4.04 ± 1.95‰; δD: -18.92 ± 15.29‰
and -18.70 ± 14.82‰ respectively). In comparison, mean bulk precipitation was
isotopically lighter than mean stemflow of PO and WO (δ18O: -4.08 ± 2.34‰; δD: -20.23
± 17.72‰).
Moreover, in the dormant seasons, stemflow isotopic signature was more depleted
than in the growing season (Figure 4.9). The isotopic depletion of stemflow (δD and
δ18O) was most evident during the leafless dormant season and most likely due to the
lower atmospheric humidity and cooler temperatures associated with fall and winter, as
well as initially more depleted storm events. During dormancy stemflow had larger
stemflow volumes and more depleted isotopic compositions. The isotopically depleted
stemflow can be attributed to slower evaporation rates and minimal exchange rates with
the cooler, more depleted inter-canopy water vapor (Allen et al. 2017; Gat 1996).
However, an array of forest characteristics could further influence stemflow and
throughfall isotopic composition such as tree species, canopy structure, and bark
characteristics (Allen et al. 2014). Meteorological events could also have a strong impact
on isotopic composition of rain partitioning. Factors such as storm origin could strongly
impact isotopic signatures in rainfall, which would also be evident in the isotopic
signatures of stemflow and throughfall (Celle-Jeanton et al. 2004). Figures 4.13 and 4.14
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clearly express the variation in stemflow and rain isotopic composition based on storm
origin, where local convective storms at the study site were highly enriched in δ18O and
δD due to the high humidity and temperatures (Figure 4.14b); continental storms showed
a more depleted isotopic composition due to their dominantly land-based travel, which
allowed for depletion before the storm occurred at the study site (Figure 4.15a); and
storms of oceanic origin, carried a previously enriched isotopic signature from the Gulf of
Mexico that became depleted when traveling over land (Figure 4.15c).
The established local meteoric water line in this study was quite close to that of
the global meteoric water line, indicating minimal evaporation rates (Kendall and Coplen
2001). Local meteoric water lines commonly have a slope ranging from 6-7, reflecting
local evaporation and post-rain evaporation (Kendall and Coplen 2001). The variation in
the slopes in the calculated regression lines of stemflow isotopic composition, although
low, indicate that stemflow underwent fractionation processes compared to that of
precipitation itself (Table 4.6). Because the of the lower slopes in the regression lines of
stemflow of PNH, CBO, and SO compared to that of the global meteoric water line, it
can be suggested that isotopic fractionation processes of exchange and selection were the
strongest influences on stemflow isotopic composition. The data support the hypothesis
of selection where various tree species significantly influenced bark water storage
capacity and consequently isotopic fractionation and stemflow generation mechanisms
(Figure 4.16). However, the higher values of the y-intercept (i.e. deuterium-excess) of the
regression lines in CSH (12.73‰), PO (11.74‰), WO (12.39‰), CBO (10.55‰), and
SO (10.88‰) from that of the local meteoric water line (10.19‰) may more strongly
have indicated the process of exchange (Table 4.6). Whereas PNH had a lower value
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(9.06‰) than that of the local meteoric water line (10.19‰), indicating that selection
may have played a larger role (Table 4.6). However, because all of these species had
minimal deviations from the local meteoric water line, robust conclusions cannot yet me
made.
The deuterium-excess values of stemflow (Table 4.6) followed the expected range
from 6 to 15‰ for the eastern portion of the United States (Kendall and Coplen 2001).
However, deuterium-excess is minimally affected by isotopic fractionation in high
humidity conditions (Allen et al. 2014), thus it can be assumed that evaporation and
selection played stronger roles than that of exchange. The low values of deuterium-excess
in PNH (Table 4.6), are consistent with that from evaporative processes (Kendall and
Coplen 2001). Therefore it can be determined that the thick, continuous bark of PNH,
CBO, and SO can store pre-event water which will then continue to evaporate, becoming
continually more enriched until the next storm event.
5.3

Isotope Analysis and Storm Meteorology
Few studies have examined influences of storm origin in the southern United

States on stemflow generation mechanisms, particularly with the use of dual-stable
isotope analysis. Thus, to examine the variation between continental, convective, and
oceanic storm origin was a novel experiment. The weather maps provided a means of
determining the origins of each storm (Figure 4.10, Figure 4.11, Figure 4.12) (NOAA
2017), whereas the isotopic variation between storm origins was evident (Figure 4.13,
Figure 4.14).
Precipitation from storms of continental origin was more depleted than that of
convective storms (Figure 4.13). This followed the expected pattern because storms of
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continental origin tend to lose partial moisture content through cooling processes as
traveling over land (Dansgaard 1953). Precipitation of continental origins tends to closely
align with the local meteoric water line as similarly elucidated by Gat (1996) (Figure
4.13). Stemflow and throughfall isotopic compositions also closely followed the meteoric
water lines yet were slightly above it, indicating isotopic fractionation processes of
exchange with inter-canopy water vapor and evaporation from bark surfaces (Gat 1996).
The precipitation of storms originating from marine sources had depleted isotopic
compositions (Figure 4.13). Most marine precipitation has a mean isotopic value of δ18O
= -2.5 to -3.0‰, thus the oceanic storms sampled for this experiment ranged from -3.91
to -7.52‰ which is consistent with the process of evaporation as the air mass traveled
from the Gulf coast to Starkville, Mississippi, causing additional depletion (Gat 1996).
The sampled convective storms exhibited quite heavily enriched isotopic
compositions in precipitation, associated with strong local downdrafts that interact solely
with in-cloud air as similarly described by Gat (1996). Precipitation of convective storms
was significantly more enriched isotopically in δ18O and δD (i.e. heavier) than
precipitation from oceanic and continental origins (Figure 4.13, Figure 4.14). The
precipitation, stemflow, and throughfall of convective storms being significantly heavier
(i.e. more enriched) than that of continental and oceanic origins can be explained by the
continuous supply of new condensable vapor associated with convective origins, whereas
the precipitation of frontal storms progressively becomes more depleted in isotopic
composition (Celle-Jeanton et al. 2004).
Sequential sampling of both events (Figure 4.15b shows this strongly) exhibited
intra-storm isotopic variation that followed the typical V-shaped pattern described by
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Kendall (1993) (Figure 4.15) where the heaviest isotopes fell from the cloud first and
then again towards the end of the event and the bulk of the samples were in the middle
isotopically. The most depleted isotopic composition in sequentially sampled
precipitation (Figure 4.15) occurred during the height of storm intensity, which correlated
with the maximum cooling in frontal storms (i.e. continental origin).
5.4

Bark Water Storage Capacity
An in-situ experiment was conducted to determine the variability of bark water

storage capacity between different species influenced by distinctions in bark thickness
and texture. Bark water storage capacity differed significantly between species (Table
4.8). The general trend of increased bark water storage capacity is a result of bark
thickness variation between species. Interspecific differences in bark roughness,
influenced by continuity of bark surfaces, largely increases bark water storage capacity
(Van Stan et al. 2016). These interspecific differences consequently led to discrepancies
in stemflow volumetric content and isotopic composition between tree species (Liu et al.
2008), where trees with thin bark tend to store less water in bark tissues and generate
large volumes of stemflow, unlike that of thick bark that stores more water in bark tissues
and generates lower volumes of stemflow.
Additionally, if a tree species could store more water in the bark, there was more
water that could potentially isotopically fractionate, hence more likely to have left behind
a heavier isotopic signature. Thus, the thicker-barked tree species were capable of
holding more water in bark tissues than that of thinner-barked tree species,
consequentially leading to heavier isotopic signatures in stemflow. Stemflow stored in
thick bark continued to undergo fractionation until the next rain event (i.e. pre-event
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water), which resulted in heavier, more enriched stemflow. The results of this in-situ bark
water storage capacity experiment agree with the findings from similar studies from
Allen et al. (2014), Fischer et al. (2017), Ikawa et al. (2011), Levia and Herwitz (2005),
and Van Stan et al. (2016).
CSH with smooth yet irregular, shaggy, thin bark generated the largest average
volume of stemflow partitioning and had the lowest bark water storage capacity (Figure
4.16). PNH with smooth, thin bark and forking ridges, generated higher stemflow
partitioning yields as also found by Siegert et al. (2016) and had the highest bark water
storage capacity (Figure 4.16). The smooth bark and furrowing ridges of PNH can
generate large, continuous stemflow pathways and store large quantities of water in its
bark. The thick, irregular and flaky bark of WO had the lowest average stemflow
partitioning yield with a moderate normative bark water storage capacity, due to
detainment of stemflow in bark tissues, as also found by Voigt (1960) with curled bark
plates of red pine, Pinus resinosa that led stemflow to fall in a diffuse area around the
stem rather than directly down the trunk. PO and CBO both generated low stemflow
volumes attributable to their high bark water storage capacity and their thick bark. SO,
with thick, continuous bark with smooth flat surfaces had a lower bark water storage
capacity and consequentially generated higher stemflow volumes than other oaks species,
as similarly found by Levia and Herwitz (2005) in Quercus rubra. Thus SO most likely
exhibited piston flow until bark become fully saturated, and then began exhibiting bypass
flow. The species in this study that had thick, absorptive bark generated smaller yields of
stemflow partitioning due to high residence time of water with bark tissue as found by
Van Stan and Levia (2010) and Voigt and Zwolinski (1964). Moreover, species with
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smooth bark contributed larger volumes of stemflow partitioning, associated with lower
bark water storage capacities and residence time between water and bark tissues as also
found by Van Stan and Levia (2010) and Voigt and Zwolinski (1964). These stark
differences between species in bark characteristics play an important role in better
determining effects on inter-canopy hydrology, more specifically stemflow generation
mechanisms (Van Stan and Levia 2010; Voigt and Zwolinski 1964). A thorough
understanding of stemflow partitioning and isotopic composition along with bark water
storage capacities can delineate effects of interspecific bark variation on forest hydrology
and biogeochemistry (Levia and Herwitz 2005).
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CONCLUSION
The combined results of these observational and experimental studies highlight
the isotopic fractionation and stemflow generation mechanisms involved in inter-canopy
forest hydrology. This study found (1) seasonality alters rain partitioning and stemflow
generation mechanisms, (2) stemflow is isotopically more enriched than that of
precipitation, (3) storm origin significantly affects isotopic composition of rain
partitioning, and (4) interspecific differences in bark can alter both isotopic fractionation
processes and stemflow generation mechanisms.
As such, after 15 months of measuring stemflow volume and isotopic composition
(δD, δ18O) and further analysis, it can be suggested that: (i) stemflow isotopic
composition is strongly affected by the isotopic fractionation processes of evaporation
and selective storage and transmission, while exchange and mixing due occur, they do
not play as large of a role, (ii) differences in bark of tree species alters stemflow
generation mechanisms of bypass flow, piston flow, and well-mixed turbulent flow, and
(iii) differences between meteorological events leads to variation in isotopic fractionation
processes and stemflow generation mechanisms.
Further research must be conducted to determine intra-storm variation for oceanic
and convective storm origins via sequential sampling. This can be better described with
the addition of sequentially sampling stemflow to determine direct relationships between
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sequential patterns of storm events and rainfall patterns with that of stemflow and various
tree species.
Through this study, stemflow generation mechanisms have been better defined by
tree species, bark characteristics, and storm meteorology. The relationships between such
hydrological variables support the idea that tree species of similar bark characteristics
have similar stemflow generation mechanisms and undergo similar isotopic fractionation
processes. This study can therefore better fill voids and provide more detail in canopy
water storage models and the local water budget.
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Carya ovata
Carya ovata
Carya ovata
Carya glabra
Carya glabra
Carya glabra
Quercus stellata

Quercus stellata
Quercus stellata
Quercus alba
Quercus alba
Quercus alba
Quercus pagoda

Quercus pagoda
Quercus pagoda
Quercus shumardii
Quercus shumardii
Quercus shumardii

Shagbark hickory
Shagbark hickory
Shagbark hickory
Pignut hickory
Pignut hickory
Pignut hickory
Post oak

Post oak
Post oak
White oak
White oak
White oak
Cherrybark oak

Cherrybark oak
Cherrybark oak
Shumard oak
Shumard oak
Shumard oak

CBO
CBO
SO
SO
SO

PO
PO
WO
WO
WO
CBO

CSH
CSH
CSH
PNH
PNH
PNH
PO

Species
Code

996
1000
153
173
988

992
999
989
997
998
982

951
952
984
983
990
991
985

Tree
ID

61.5
65.5
48.5
76.7
70.9

69.3
49.3
88.9
49.5
61.5
78.7

31.5
25.9
49.8
18.0
77.5
36.3
58.7

DBH
(cm)

* Mean δD data were compiled from all 19 storm events.

Scientific Name

Tree Species

60.72
170.46
24.04
53.06
65.67

164.33
151.28
198.06
77.07
122.46
306.07

15.59
1.54
74.78
23.30
194.55
11.78
126.68

CA (m2)

0.30
0.34
0.18
0.46
0.39

0.38
0.19
0.62
0.19
0.30
0.49

0.08
0.05
0.19
0.03
0.47
0.10
0.27

0.64 ± 0.51
0.25 ± 0.22
1.32 ± 0.83
1.13 ± 1.04
0.44 ± 0.30

0.12 ± 0.11
0.11 ± 0.05
0.13 ± 0.12
0.14 ± 0.12
0.08 ± 0.05
0.13 ± 0.11

1.81 ± 0.73
7.08 ± 3.91
0.15 ± 0.11
0.38 ± 0.19
0.10 ± 0.07
3.07 ± 2.22
0.26 ± 0.30

BA
SF (%)
(m2)

1.30 ± 1.03
1.25 ± 1.07
1.77 ± 1.11
1.31 ± 1.21
0.75 ± 0.52

0.52 ± 0.49
0.90 ± 0.42
0.41 ± 0.41
0.56 ± 0.51
0.32 ± 0.20
0.81 ± 0.73

1.60 ± 0.67
2.20 ± 1.23
0.60 ± 0.45
3.01 ± 1.52
0.42 ± 0.29
3.63 ± 2.65
1.26 ± 1.43

Mean FR

-20.91 ± 17.03
-18.23 ± 14.84
-18.68 ± 15.57
-19.26 ± 15.57
-19.36 ± 15.52

-19.06 ± 13.88
-17.43 ± 14.12
-19.11 ± 13.68
-18.29 ± 14.18
-19.28 ± 13.00
-18.95 ± 15.03

-19.92 ± 16.06
-19.47 ± 14.55
-18.12 ± 13.16
-21.34 ± 14.47
-19.50 ± 13.18
-19.43 ± 14.45
-21.37 ± 15.34

-4.36 ± 2.29
-4.08 ± 2.11
-4.11 ± 2.23
-4.31 ± 2.09
-4.15 ± 2.19

-4.07 ± 1.76
-3.92 ± 1.95
-4.23 ± 1.78
-3.95 ± 1.94
-4.27 ± 1.70
-4.06 ± 2.15

-4.33 ± 2.10
-4.28 ± 1.97
-4.02 ± 4.02
-4.43 ± 4.43
-4.21 ± 4.21
-3.92 ± 2.25
-4.44 ± 2.07

Mean δD (‰) Mean δ18O (‰)

1.1 ± 0.3
0.9 ± 0.3
1.0 ± 0.4
1.0 ± 0.6
0.8 ± 0.4

1.2 ± 0.4
1.3 ± 0.5
2.1 ± 0.6
1.4 ± 0.4
1.5 ± 0.6
1.3 ± 0.2

0.6 ± 0.3
0.4 ± 0.2
1.0 ± 0.6
0.6 ± 0.2
1.6 ± 0.7
1.1 ± 0.4
1.6 ± 0.5

Mean BT
(cm)

Description of each individual experimental tree species, with scientific name, species code, tree ID, diameter at
breast height (DBH), crown area (CA), basal area (BA), stemflow partitioning (SF), mean funneling ratio (FR), mean
δD*, mean δ18O*, and mean bark thickness (BT).

Specific Experimental Tree Data

Table A.1

A.1
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